The Afro-Asiatic and Nilo-Saharan language families come into contact in Western Ethiopia. Ethnic diversity is particularly high in the South, where the Nilo-Saharan Nyangatom and the Afro-Asiatic Daasanach dwell. Despite their linguistic differentiation, both populations rely on a similar agripastoralist mode of subsistence. Analysis of mitochondrial DNA extracted from Nyangatom and Daasanach archival sera revealed high levels of diversity, with most sequences belonging to the L haplogroups, the basal branches of the mitochondrial phylogeny. However, in sharp contrast with other Ethiopian populations, only 5% of the Nyangatom and Daasanach sequences belong to haplogroups M and N. The Nyangatom and Daasanach were found to be significantly differentiated, while each of them displays close affinities with some Tanzanian populations. The strong genetic structure found over East Africa was neither associated with geography nor with language, a result confirmed by the analysis of 6711 HVS-I sequences of 136 populations mainly from Africa. Processes of migration, language shift and group absorption are documented by linguists and ethnographers for the Nyangatom and Daasanach, thus pointing to the probably transient and plastic nature of these ethnic groups. These processes, associated with periods of isolation, could explain the high diversity and strong genetic structure found in East Africa.
Introduction
Human societies whose members maintain marked cultural ties are commonly expected to display a sharp genetic differentiation from their neighbours. This expectation is partly met with the correlation between genetic differentiation and language affiliation that is found at both large (Cavalli-Sforza et al., 1988; Sokal, 1988; Excoffier et al., 1991; Chen et al., 1995; Poloni et al., 1997 Poloni et al., , 2005 Sanchez-Mazas et al., 2005; Wood et al., 2005; Belle & Barbujani, 2007) and fine scales (Friedlaender et al., 2007; Lansing et al., 2007; Hassan et al., 2008) . However, examples of populations that do not fit this expectation exist, where the genetic diversity shows clear signatures of genetic exchange between culturally different groups (Langaney & Gomila, 1973; Blanc et al., 1990; Chaix et al., 2004) . In this study we examine whether a similar situation is found among two East African ethnic groups, namely the Nyangatom and the Daasanach, who are found in a region central to current debates on human origins (Ramachandran et al., 2005) . East Africa indeed harbours populations with a very large ethnic and genetic diversity assumed to be of very ancient origin (Tishkoff et al., 1996 (Tishkoff et al., , 2007a Watson et al., 1997; Quintana-Murci et al., 1999; Kivisild et al., 2004; Campbell & Tishkoff, 2008) . Accordingly, some of the deepest branches of the Y chromosome and mitochondrial DNA phylogenies are found in this region (Passarino et al., 1998; Salas et al., 2002; Semino et al., 2002; Cavalli-Sforza & Feldman, 2003; Gonder et al., 2007) . From a linguistic perspective, the region can be seen as the centre of an old expansion leading to language differentiation, since the four major African linguistic families (including the Khoisan-related languages of Tanzania) meet in East Africa. Accordingly, the Bantu expansion that occurred from East Africa towards the South has been genetically documented (Pereira et al., 2001; Cruciani et al., 2002) , and a recent study evidenced the spread, in the same direction, of Y chromosome lineages, probably through the movements of pastoralist populations (Henn et al., 2008) . However, East Africa could also represent a contact zone of already differentiated languages and populations, although these two processes are not mutually exclusive. Indeed, the original heartlands of the Nilo-Saharan and Afro-Asiatic linguistic families (or at least some of the primary Afro-Asiatic subdivisions) have both been tentatively placed in East Africa (Ehret, 2002; Militarev, 2002; Blench, 2006) . This raises the question of whether the large cultural and genetic diversity found in East Africa is the footprint of an in situ evolutionary history or whether recurrent genetic exchanges between linguistically and genetically differentiated populations occurred, due to a higher mobility of human groups than usually assumed. Assuming an ancient in situ differentiation of present day East African populations, we expect to observe little genetic structure and extensive haplotype sharing if large effective population sizes have been maintained. Instead, with smaller effective sizes and gene flow restricted by linguistic barriers, we would expect to observe a stronger population structure, with low levels of diversity within populations and little sharing of haplotypes between populations.
To address this issue, we have sequenced the two mitochondrial hypervariable segments and genotyped four mitochondrial coding-region SNPs on DNA extracted from sera that were collected in the early seventies among the Nyangatom and the Daasanach. These two neighbouring East African populations dwell in the Lower Omo River Valley (LORV), the south-western corner of Ethiopia, bordering on Kenya and Sudan. A dozen different ethnic groups live in this area, most of whom are transhumant agripastoralists relying mainly on cattle rearing (Moseley & Asher, 1994; Tornay, 2001) . These groups display strong mutual antagonist relationships, probably promoted by competition for the access to grazing areas (Almagor, 1978; Tornay, 2001) . This ethnic diversity is translated into linguistic diversity, as two of the four African language families are found in the region (Moseley & Asher, 1994) , i.e. Nilo-Saharan (e.g. Nyangatom, Mursi, Muguji, Turkana) and Afro-Asiatic, the latter being further represented by languages pertaining to two of its primary branches: Omotic (e.g. Karo) and Cushitic (e.g. Daasanach, Arbore). Interestingly, the Nyangatom and Daasanach, like the majority of the other ethnic groups in the area, are assumed to be mainly endogamous, although some rare cases of intermarriage and adoption have been reported (Tornay, 2001) . Actually, relationships between the Nyangatom and the Daasanach, and more generally between all the populations in the area, are characterised by an opposition between a chronic state of inter-group warfare and strong personal ties of "friendship" among members of distinct groups (Almagor, 1978; Fukui & Markakis, 1994; Tornay, 2001; Tosco, 2001) . This situation provides an opportunity to test whether their different linguistic affiliation constitutes a genetic barrier in a context of close neighbourhood.
Materials and Methods

Populations and Samples
The samples we have studied included 384 sera remaining from those that were collected in 1971-1972 for an epidemiological and serological study of arboviruses in the LORV (Rodhain et al., 1972 (Rodhain et al., , 1975 . This study benefited from the presence in the field of Serge Tornay, who has been conducting ethnological research in the Nyangatom population for over three decades (Tornay, 2001) . The remaining sera included 297 Nyangatom, 69 Daasanach and 17 Turkana samples (see Supporting Information, Text S1). The Daasanach (also referred to as Marille) are located directly north of Lake Turkana. The Daasanach language is a member of the Eastern Cushitic branch of Afro-Asiatic. The Nyangatom (also referred to as Donyiro or Buma) are the northeastern neighbours of the Daasanach, with settlements following the Kibish and Omo rivers. Their Nilo-Saharan language is a member of the Teso-Turkana branch of the Nilotic group, and it is a sister-language of Turkana, the language of a Kenyan population whose settlements extend up to the western shore of Lake Turkana. Census sizes (Tosco, 2001; Gordon, 2005) are estimated as 35,000 Daasanach (1994 and 1998 censuses), 14,000 Nyangatom (1998 census) and 340,000 Turkana (1994 census). Individual interviews and samplings were carried out by François Rodhain, Serge Tornay and their colleagues in the early seventies (Text S1).
DNA Extraction, D-Loop Sequencing and SNPs Genotyping
DNA can be retrieved from sera (Merriwether, 1999) , provided that the serum purification protocol was not efficient enough to completely separate the different blood components. This is often the case when separation is performed in the field (as it was in our case), leading to sera being "contaminated" by white cells. We used Isoquick Nucleic Acid Extraction kits (Orca Research Inc., Bothell, Washington, USA) to extract DNA from the sera, following the manufacturer's instructions. Because this DNA was degraded and only available at very low concentrations, we used nested PCRs to selectively amplify the first (HVS-I) and second (HVS-II) hypervariable segments (Text S1). Internal PCR products (PCR2) were checked on agarose gels, and successful amplifications were purified using Prep-A-Gene beds (Biorad, Hercules, California, USA) before sequencing. Forward and reverse sequencing was performed using each of the two PCR2 primers pairs. We used Perkin-Elmer standard protocols for BigDye Terminator kits and the sequences were run on an ABI 377 Perkin Elmer automated sequencer (Perkin Elmer, Waltham, Massachusetts, USA). The forward and reverse sequences were then stored in files and assembled using the AutoAssembler software (Applied Biosystems, Foster City, California, USA).
Primers were designed to amplify short DNA fragments that included the four SNPs positions 3594, 10810, 10873 and 10400, commonly used to characterise haplogroups L1, L2, L3, M and N (Jobling et al., 2004) . The PCR fragments were purified using ExoSAP IT (Amersham Biosciences, Little Chalfont, UK) following the manufacturer's protocol and then digested using appropriate restriction enzymes (HpaI for SNP 3594, Hinf I for SNP 10810, MnlI for SNP 10873 and AluI for SNP 10400, Text S1).
Preventing Contamination
Risks of contamination between samples or from the staff in the laboratory were minimised as follows: staff wore gloves, white coat and caps, all material was UV irradiated before handling, PCRs were performed in a separate room under a flow hood, and sterile tubes and filter tips were used. No contamination from the lab staff was detected, and no signal of such contamination has been found in the negative controls used for HVS-I, HVS-II or the four SNPs. To further ensure that no contamination occurred between the samples, we systematically compared all the sequences by pairs of individuals that were amplified during the same amplification session (Text S1). Out of the 362 sequences of the final data set, our conservative estimate leads to approximately 0.8% of the total data set that could possibly reflect contamination (Text S1).
Alignment and Classification of LORV Sequences
All LORV sequences were manually aligned in PAUP (Swofford, 1991) , and subsequently checked with ClustalW in BioEdit (Hall, 1999) . All mutations relative to the revised Cambridge Reference Sequence (rCRS, Andrews et al., 1999) were scored. For HVS-I, the stretch between np 16182 and np 16193 was not taken into account in most analyses, because of uncertainty in the correct alignment (Bendall & Sykes, 1995) . For HVS-II, all indel positions embedded in poly-C, poly-A and poly-T tracks (np 308, 309, 309.1, 309.2, 315.1 and 356.1) were also discarded for the same reason.
Sequences were classified into haplogroups on the basis of HVS-I, HVS-II and the four SNPs, following Kivisild et al. (2004) and references therein, as well as the erratum to that publication (Table S1 ). For this purpose, a parsimonious alignment of the 16182-16193 stretch was used. Haplogroup distributions in the LORV populations were compared with the data from Kivisild et al. (2004) and Tishkoff et al. (2007a) . Tentative dating of haplogroups was computed as fully explained in Text S1.
Database of HVS-I Sequence Variation
To investigate the geographic context of Southern Ethiopian mtDNA diversity, we established a database of HVS-I sequences from Africa and neighbouring areas in the Middle East, West Asia, and South Europe, including populations that had been sequenced for at least 20 individuals. The resulting database contained 6711 aligned sequences from 136 populations (4119 from Africa, 1404 from Southern Europe, and 1188 from the Middle East and West Asia, Table S2 ), spanning 264 bp between positions 16090 to 16365, after discarding positions 16182 to 16193, as explained above. Following Salas et al. (2002) and Sanchez-Mazas & Poloni (2008) , the 136 samples were allocated to seven geographic regions ( Fig. S2 ), i.e. East Africa (EA), Central and Southwest Africa (CSWA), West Africa (WA), Southeast and South Africa (SESA), North Africa (NA), the Middle East and West Asia (MEWA), and South Europe (SE).
Diversity and Structure of Populations
Arlequin ver. 3.11 (Excoffier et al., 2005) was used to estimate several indices of diversity within populations (gene diversity, nucleotide diversity and mean number of pairwise differences) and to perform selective neutrality tests based on Tajima's D and Fu's F s . A Fu's F s value was considered significant at the 5% level when its associated P-value was below 2%, as suggested by Fu (1997) and further confirmed in Arlequin documentation. We also computed allelic richness (R (g) , Petit et al., 1998) based on the rarefaction index of Hurlbert (1971) , setting the value of g equal to the smallest sample size in the dataset. We also tested the fit of the observed mismatch distributions with each of the two models of population expansion implemented in Arlequin, i.e. a sudden stepwise demographic expansion (model 1: Schneider & Excoffier, 1999 ) and a spatial expansion (model 2: Ray et al., 2003; Excoffier, 2004) .
The Arlequin software was also used to compute Reynolds' genetic distances (Reynolds et al., 1983) between pairs of populations. These distances were either based on frequency distributions only (conventional F ST indices, Weir & Cockerham, 1984) , or weighted by an evolutionary distance between haplotypes ( ST indices, Excoffier et al., 1992) . For HVS-I sequence data, the Kimura-2P model was used, with a Gamma correction of 0.4, a transition/transversion ratio of 10/1, and without considering indels. For haplogroup data, a molecular distance was designed by simply counting the minimum number of mutational steps separating lineages, therefore accounting for their phylogenetic relationships. A hierarchical AMOVA framework was applied to infer the proportion of the total genetic variation due to differences between groups of populations ( CT ) and between populations within these groups ( SC ). Pairwise Reynolds' genetic distances were submitted to Principal Coordinates Analysis (PCA) using GenAlEx ver. 6 (Peakall & Smouse, 2006) and Multidimensional Scaling Analysis (MDS) using NTSYSpc (Rohlf, 2007) .
Results
HVS Sequences, Coding-Region SNPs and Genetic Diversity in the LORV Samples
Out of the 379 Nyangatom, Daasanach and Turkana serumextracted DNA samples from the LORV, we obtained 171 HVS-I sequences (112 Nyangatom, 49 Daasanach and 10 Turkana, 45% global success rate) of about 400 bp, and 190 HVS-II sequences (136 Nyangatom, 47 Daasanach and 7 Turkana, 50% global success rate) of about 460 bp in the final data set (Text S1). All HVS-I and HVS-II sequences were submitted to GenBank (accession numbers FJ887983 to FJ888153 for HVS-I and FJ888154 to FJ888343 for HVS-II). With respect to the 4 SNPs (3594, 10400, 10810 and 10873), at least two of them were successfully genotyped in 84 LORV DNA samples, 64 of which were also successfully sequenced in HVS-I, 11 in HVS-II but not in HVS-I, and the remaining nine were neither sequenced in HVS-I nor in HVS-II (see Text S1 for detailed success scores). High and overall similar levels of diversity were observed in the LORV samples (Text S1).
Haplogroups Distributions in the LORV Samples
The complete classification of the 171 HVS-I sequences from the LORV is shown in Table S1 and Figure S1 (provided as Supporting Information), and we describe in detail the salient features of this classification in the additional information (Text S1). Interestingly, we observed two apparently new starlike clades of haplotypes, that we tentatively renamed L0g and L3i1. The L0g clade appears as a sister-clade of L0a that lacks the np 16188 transversion (Fig. S1a ). The L3i1 subclade is defined by HVS-I motif 16153-16174-16223-16319 ( Fig. S1d ).
We found that the main basal branches of the mitochondrial phylogeny were represented in the LORV populations, i.e. the L0, L1, L5, L2, L6, L4 and L3 haplogroups, albeit at quite different frequencies ( Fig. 1 ; the Turkana sample was not considered here given its very small size). Notable differences between the Nyangatom and the Daasanach included haplogroups L0f, L5 * and L4g (Figs. 1b, 1c and 1d), all of them being more frequent in the latter than in the former, whereas the Nyangatom were found more diversified in the L2, L6 and L3 lineages than the Daasanach (Figs. 1d and 1e). Despite these sharp contrasts in haplogroups frequencies, we found a substantial level of haplotype sharing among populations, in that most star-like clades in the networks included both Nyangatom and Daasanach haplotypes along with haplotypes from other Ethiopian populations ( Fig. S1) .
A notable characteristic of these networks is the substantial diversity of LORV haplotypes found in several clades. For instance, four distinct L0a2 haplotypes were found in the Nyangatom, two of which were shared with the Daasanach (and the Turkana, Figure S1a ), whereas the L0a2 haplotypes found among the neighbouring Northern Ethiopian populations studied by Kivisild et al. (2004) appear as more derived ( Figure S1a ). We could not verify however if the LORV haplotypes bear the characteristic COII/tRNA lys 9-bp deletion. We also observed several haplotypes of supposedly more western origins (Salas et al. 2002) , such as the four L2b Nyangatom haplotypes that are apparently less derived than those found in Northern Ethiopians (Fig. S1a ), as well as several L3b, L3d and L3e haplotypes ( Fig. S1c) .
Assuming that all the sequence diversity observed in a clade had accumulated in situ, three distinct configurations can be evidenced among these clades (see Table S3 for estimated TMRCAs): first, young clades that seemed restricted to one population (such as the Daasanach sub-clade stemming from L0f or the single Daasanach L5 * haplotype, Fig. S1a ), with TMRCA confidence intervals below 20 thousand years (kyrs); then young clades including haplotypes from at least two out of the three LORV populations (such as L0a2, L5a1 and the sub-clade at the tip of L5a2 in Fig. S1a ; the subclade of L4g whose central node is represented by two Nyangatom sequences in Fig. S1b ; the sub-clade at one tip of L3h, the L3i1 clade and the sub-clade in L3x1 in Figure  S1d ) with TMRCA confidence intervals below 30 kyrs; finally, older clades that did also include haplotypes from at least two out of the three LORV populations (such as L0a1 and L5a2 in Fig. S1a , and other sub-clades in L4g, Fig. S1c ). Given that uncertainty in the mutation rate was not accounted for in the TMRCA estimations, the confidence intervals in Table S3 are only associated with the level of diversity. This calls for extreme caution in their interpretation. For instance, the estimated age of the L0a2 clade in the Nyangatom was 23 kyrs (with a 95% confidence interval of 12 to 33 kyrs) which is inconsistent with the postulated spread of L0a2 sequences through the Bantu expansion (Salas et al., 2002 Kivisild et al., 2004 .
North-South Genetic Differentiation in Ethiopia
About 95% of the Nyangatom and Daasanach sequences belong to the L lineage ( Fig. 1 , the Turkana sample was not considered here given its very small size). This is in sharp contrast with what is found in neighbouring Northern Ethiopian populations (the Ethiopian Oromo, Amhara, Tigrai and Gurage populations studied by Kivisild et al. (2004) , all referred to as "Northern Ethiopians" hereafter) where the frequency of L sequences varies between 40% (Tigrai) and nearly 60% (Amhara). Conversely, M and N lineages were much more frequent in the Northern Ethiopians (from 43% to 60% of the sequences, Fig. 1a ) than in either the Nyangatom (5%) or the Daasanach (4%).
The frequency distributions of the 24 haplogroups shown in Figure 1 were first used to compute conventional population pairwise F ST indices. The Nyangatom and the Daasanach were significantly differentiated, at the 1% level, both from each other (F ST = 2.2%, P < 0.003) and from the other five populations considered here. Conversely, among the five populations studied by Kivisild et al. (2004) , most population pairs were found undifferentiated at the 5% level. Interestingly, the Nyangatom were less differentiated from the Northern Ethiopians (average F ST = 7.8 ± 3.3%) than the Daasanach were (average F ST = 11.2 ± 3.6%). Comparable results were observed when ST indices were computed by weighting the haplogroup frequencies by their phyloge-netic relationships. The Nyangatom and the Daasanach were significantly differentiated ( ST = 4.3%, P < 0.002), while the Northern Ethiopian populations formed a homogeneous group that was less differentiated from the Nyangatom (average ST = 6.2 ± 2.8%) than from the Daasanach (average ST = 18.5 ± 3.8%). Finally, we also computed ST indices on the basis of sequence variation in HVS-I (sequence-based ST ) and found results that reproduced again the patterns obtained with haplogroups, both when unweighted (conventional F ST ) and when weighted by the phylogenetic distance separating haplogroups (haplogroup-based ST ). Therefore, these analyses confirmed that genetic distances between populations computed on sequence variation reproduced with high accuracy the genetic relationships between populations that are inferred from haplogroup distributions.
Genetic Structure in East Africa
We compared the haplogroup frequency distributions observed in Ethiopia with those found in the Tanzanian populations studied by Tishkoff et al. (2007a) , using the level of phylogenetic resolution adopted in that study (Fig. 2 ). This
Figure 2
Frequency distributions of the major mtDNA haplogroups in the Nyangatom, Daasanach (this study) and ten other East African populations (data from Kivisild et al., 2004 and Tishkoff et al., 2007a). comparison revealed that the LORV populations were more similar in their mtDNA diversity to the Tanzanian populations than to the Northern Ethiopians. Besides the low frequencies of M and N lineages that also characterised the Tanzanian populations (totaling between 2 and 11% of the sequences), L0a and L0g sequences also reached high frequencies here (up to 25% and 32% in the Datog and Burunge, respectively) and L0f sequences, commonly observed among the Daasanach (16%), were found to be particularly frequent in the Burunge (30%) and Turu (13%).
Despite these similarities, haplogroup-based ST indices indicated that the Nyangatom were significantly differentiated, at the 5% level, from most of the Tanzanian populations, with ST values ranging from 3.9% (Datog) to 17.6% (Burunge). On the other hand, non-significant ST values between the Daasanach and several Tanzanian populations were observed (Turu, Datog, and Burunge). A multidimensional scaling (MDS) analysis of the genetic distances computed on the haplogroup-based ST indices summarises this complex pattern of relationships observed in East Africa (Fig. 3) . The Northern Ethiopian populations clustered in the upper part of the MDS plot, forming a homogeneous group (AMOVA ST = 1.2%, P = 0.054). The LORV and Tanzanian populations were found scattered in the lower part of the plot and displayed a significant level of genetic structure (AMOVA ST = 6.2%, P < 0.0001). As expected (Gonder et al., 2007; Tishkoff et al., 2007a) , the Hadza, located to the right of the plot, were found to diverge significantly from all other populations. An MDS analysis of genetic distances among 20 East African and three Arabian populations computed on HVS-I sequence variation produced very similar results ( Fig. 4) . Again, the Khoisan-related Hadza samples were found to be isolated, whereas the Northern Ethiopians clustered in a homogeneous group, together with the Nubians from Sudan and the Somalis. This analysis based on HVS-I sequences also revealed substantial genetic structure among the other East Africans, which included populations from Southern Sudan (Dinka) and Kenya (Kikuyu), in addition to the LORV and Tanzanian populations. This MDS plot evidenced the fact that the genetic diversity of East Africans was almost entirely covered by that found among the Nilo-Saharan populations on the one hand, and among the Afro-Asiatic Cushitic populations on the other (shaded areas in Fig. 4 ).
In keeping with the MDS analysis of Figure 4 , heterogeneous levels of genetic diversity within East African populations were observed (Table 1 ). In terms of allelic richness, gene diversity and mean number of pairwise differences (MNPD), the sharpest contrast was between the low diversity values found in the two Hadza samples, compared to the other populations. Conversely, the high level of differentiation found among the Afro-Asiatic Cushitics and among the Nilo-Saharans (Fig. 4 ) was not associated with low genetic diversities within populations (Table 1) . For instance, the highest MNPD values in East Africa were observed among the Sukuma and Datog from Tanzania, the Turkana from Kenya, and the Nyangatom and Daasanach from the LORV (values ranged from 7.9 to 8.4, Table 1 ). Such high values were only seldom observed elsewhere in Africa (Table S4) .
In East Africa, only four populations out of 20 displayed significantly negative Tajima's D values at the 5% level (Dinka, Tigrai, Amhara1, Amhara2, Table 2 ). Conversely, the Fu's F s were generally significantly negative at the 5% level, with the exception of those displayed by four Tanzanian populations (Burunge, Turu, Sandawe, and Hadzabe). However, as shown in Table 2 (and Table S4 ), these non significant F s values were globally not in agreement with the tests of population expansion, neither under the demographic expansion model (model 1), nor under the spatial expansion model (model 2). As a single case of rejection of the spatial expansion model was observed (Beta Israel) out of 20 tests performed on the East African data, the type-I error threshold was not exceeded. Moreover, considering the entire dataset of 136 populations, only four populations rejected the null hypothesis out of 136 tests at the 5% level (Table S4 ), a proportion that is smaller than the type-I error rate, so that overall the model of a spatial expansion was conserved.
Patterns and Levels of Genetic Structure in Africa and Surrounding Regions
To gain better insights into the pattern of genetic relationships among populations, we analyzed the matrix of pairwise Reynolds' genetic distances among the 136 populations of the HVS-I database both by means of MDS analysis and Principal Coordinates Analysis (PCA). The plot of the MDS analysis on is shown in Figure 5 . Three populations appeared as clear outliers in this plot, the Mbenzele (as evidenced by Destro-Bisol et al., 2004) , the Ju|'hoansi and the Herero, and this pattern of extreme genetic differentiation was confirmed by PCA ( Fig. S3 ). Besides these three outlier populations, which were also remarkable in the low level of internal genetic diversity they displayed (both in gene diversity and mean number of pairwise differences between sequences, Table S4 ), the general pattern of variation among populations was found to be geographically structured, with a clear north-south orientation. Indeed, when the three outliers were not taken into account, the correlation between the latitudinal location of the populations and the PCA's first axis coordinates was both very high and significant (r = 0.882, 95% C.I. = [0.84; 0.91], Fig. S3 ). As can be seen in the MDS plot of Figure 5a , populations from Southern Europe were located in the uppermost section of the plot, followed then by Middle Easterners, West Asians, and North Africans, whereas all Sub-Saharan populations were located below these groups. A geographic structure of the genetic variability was also observed among Sub-Saharan Africans, with most West Africans clustering towards the left of the plot, most East Africans towards the right, and the populations from the South of the continent mainly below these groups. Thus, populations from the same geographic group tended to cluster together, although no clear cuts between the different geographic origins were observed. Actually, the less clustered geographic group in this analysis was the East African group.
The level of genetic structure ( ST ) inferred from sequence variation in the 136 populations of the HVS-I database was almost 16% (Table 3) , but the three genetically divergent populations outlined in the multivariate analyses (i.e. the Mbenzele, Ju|'hoansi and Herero) contributed substantially to this level of differentiation, as testified by the steady decrease in ST values when these samples were sequentially removed from the computations, from 15.6% to 13.8%. In Africa, ST values within geographic groups were all significant, and ranged from 2.6% for West Africa (WA) to 14.6% for South-eastern and South Africa (SESA). Here again, ST values within some geographic groups were inflated by a few very divergent populations, such as the Ju|'hoansi and Herero in the Southeast and South Africa (SESA) group, or the Mbenzele in the Central and Southwest Africa (CSWA) group. As shown in Table 3 , ST estimations obtained without considering those divergent populations in their respective geographic groups were consistently below 4%, except for the East Africa (EA) and the SESA groups. However, whereas at least 70% of the genetic distances between populations were significant in EA, only 53% of the genetic distances were significant in SESA (and dropped to 37% when the Ju|'hoansi and Herero were not considered). Thus, as shown in Table 3 , the level of genetic structure in a given group was only marginally associated with the proportion of significant distances between populations in the group. The simultaneous comparison of these two estimations between geographic groups indicated that EA shelters the highest level of population structure in the continent.
An AMOVA design was performed to compare the geographic groups by pairs (Table 4 ). Among almost all the comparisons involving two Sub-Saharan geographic groups, the level of genetic differentiation within groups exceeded the level between those groups even when the most divergent populations were discarded from the analyses. This result Figure S2 and Table S2 . c NS, Nilo-Saharan. AA, Afro-Asiatic. AA>Semitic, Semitic branch of Afro-Asiatic. AA>Cushitic, Cushitic branch of Afro-Asiatic. NC, Niger-Congo. Kh, Khoisan-related click-languages of Tanzania. d The allelic richness index (R (g) ) is the number of haplotypes expected in a subsample of size g = 20. e MNPD, mean number of pairwise differences between sequences (insertions and deletions not considered). f Individual samples values are reported in Table S4 . a Geographic groups are defined in Figure S2 and Table S2 . b Tajima's D statistic (and statistical significance based on 10'000 simulated random neutral samples at population equilibrium). c Fu's Fs statistic (and statistical significance based on 10'000 simulated random neutral samples at population equilibrium was expected in view of both the generally high levels of genetic structure inferred for the geographic groups (Table 3 ) and the substantial overlapping of these groups observed in the MDS (Fig. 5a ). The only exceptions to this trend were the comparison of East and West Africa (EA versus WA) and that of West Africa with the southern group (WA versus SESA), but only when divergent populations were excluded. The rather low level of genetic structure found among West Africans ( ST = 2.6%, Table 3 ) clearly contributed to these observations. The same trend of similar levels of differentia-tion between groups and between populations within groups was also observed in the three comparisons involving the neighbouring regions around the Mediterranean area (NA, MEWA and SE). Inversely, all AMOVA analyses involving one such group and a Sub-Saharan group led to higher CT than SC values, in keeping with their differentiation in the upper and lower half-sections of the MDS plot (Fig. 5a ). This trend was not due to the few highly divergent populations found in some groups, since the major effect of their exclusion on the -statistics was that of notably decreasing the SC values.
Since each language family has a distinct geographic distribution, a genetic structure associated to linguistic differentiation was expected and was indeed observed (Fig. 5b) . In particular, Afro-Asiatic populations displayed a pattern of genetic differentiation developing roughly into three directions, with speakers of Berber and/or Semitic languages mainly clustering in the upper half-section of the MDS plot, speakers of Chadic languages towards the left, and speakers of Cushitic languages towards the right (Fig. 5b) . However, given the sampling distribution of populations included in the HVS-I database, zones of geographic contact between distinct linguistic stocks were also represented in the analysis. While the MDS plot displayed a complete overlapping of Chadic (Afro-Asiatic) and Niger-Congo populations from Western, Central and South-western Africa, a more complex pattern was observed in East Africa. Here, both Afro-Asiatic Cushitic and Nilo-Saharan populations differentiated in parallel, along a north-south oriented axis, as highlighted by the shaded areas in Figure 5b .
Distinct patterns of genetic variability were observed in the linguistically-defined African groups (Table 5) . Notably, the Khoisan group was characterised by the highest level of genetic structure between populations, with an associated ST value of more than 20%, but also by a low level of molecular diversity within populations (with a mean number of pairwise differences between sequences, MNPD, smaller than 6 on average). The highest levels of molecular diversity within populations were found for both the Afro-Asiatic Cushitic and the Nilo-Saharan groups (average MNPD > 7). But despite this similarity, genetic differentiation between Cushitic populations ( ST = 7%) was notably higher than that between Nilo-Saharan populations ( ST = 3.9%).
We then tested the significance of genetic differentiation between linguistically-defined groups of Sub-Saharan African populations ( Table 6 ). Because of the extreme differentiation among Khoisan populations, the AMOVA design was restricted to Afro-Asiatic, Nilo-Saharan and Niger-Congo populations. In keeping with the MDS analyses ( Figs. 4 and  5b) , the Nilo-Saharans were not found differentiated from the Cushitics ( CT = 0). All other pairwise comparisons led to significant CT values, except for the comparison involving the Chadic and Niger-Congo groups. However, similarly Table S2 and Figure S2 . b Kimura-2P was used as a molecular distance, with a gamma correction of 0.4, a transition/transversion ratio of 10/1 and without considering indels. All ST values are given in percent, and were significant (P < 0.001 to the results of the AMOVA analyses involving geographic groups, we found that the CT values, although significant, were consistently close or inferior to the levels of genetic structure observed between populations within the groups ( SC values, Table 6 ). Thus, similarly to the geographic factor, no strong association between linguistically-defined and genetically differentiated groups emerged from this analysis.
Discussion
Archival Blood Fractions as a Valuable Source of Information
This study demonstrates that archival blood fractions can be a good source of DNA for human polymorphism screening, as has already been reported for numerous nuclear markers in DNA extracted from old red blood cell fractions (Weiss et al., 1994; Buchanan et al., 2000) . It is currently more difficult to characterise nuclear polymorphisms on DNA extracted from archival sera because nDNA is rarer than mtDNA in terms of copy numbers. Another important disadvantage of molecular studies based on old plasma sera is that DNA is often degraded into small pieces such that only small segments of DNA (usually <400 bp) can be amplified (Torroni et al., 1993a (Torroni et al., , 1993b Merriwether, 1999; Lie et al., 2007) . This implies that very special care has to be taken to prevent contamination of the extracted DNA and PCR amplifications, especially when nested PCRs are used (this study). Despite the difficulties associated with the use of archival blood fractions, we were able to amplify about 50% of the samples available with very weak contamination suspicion (less than 1%). Moreover, the same serum-extracted DNAs have been successfully used to characterise the HLA variation (Sanchez-Mazas et al., in preparation) . Furthermore, we have shown that genetic distances based on HVS-I sequence variation, even though restricted to the non-coding fraction of the mitochondrial genome, were as informative as genetic distances inferred from haplogroups to uncover genetic differentiation patterns among populations.
Inferences on the Nyangatom and Daasanach Past History
In this study, we have found that the Nilo-Saharan Nyangatom and the Afro-Asiatic Daasanach, two agripastoralist semi-nomadic populations settled in close vicinity in the Lower Omo River Valley, exhibit similarly high levels of genetic diversity, a result that has been repeatedly found for other populations in East Africa, either for mtDNA (Watson et al., 1996 (Watson et al., , 1997 Salas et al., 2002; Kivisild et al., 2004) or for other markers (Lovell et al., 2005; Sanchez-Mazas & Poloni, 2008) . This study however showed that although very diverse, the Nyangatom and the Daasanach are also significantly differentiated from each other. This result could be expected on the basis of their respective linguistic affinities. However, the Turkana, who are the Nyangatom and Daasanach Table S2 and Figure S2 . b Kimura-2P was used as a molecular distance, with a gamma correction of 0.4, a transition/transversion ratio of 10/1 and without considering indels. All -statistics are given in percent, and were significant (P < 0.005). c The resulting -statistics for computations performed after excluding genetically divergent populations from each group (i.e. the two Hadza samples from the EA group, the Mbenzele from the CSWA group, and the Ju|'hoansi and Herero samples from SESA, see text) are given in brackets.
closest neighbours to the South were found differentiated from the former but not from the latter. The Nyangatom and the Turkana languages belong to the Teso-Turkana subgroup of the Nilo-Saharan family and are mutually intelligible, whereas the Daasanach speak a Cushitic language of the Afro-Asiatic family. Our results suggest that genetic exchanges (at least for women) are more common between the Daasanach and the Turkana than between these two populations and the Nyangatom.
We have additionally found that the Nyangatom and the Daasanach are also sharply differentiated from the other Ethiopian populations studied so far (which we have coined as "Northern Ethiopians" as most are located in the Ethiopian highlands), which are, in contrast, found to be genetically rather homogeneous. Instead, the Nyangatom and the Daasanach present genetic affinities with some Tanzanian populations, although these populations are presently separated by at least one thousand kilometres.
The general pattern of genetic relationships among East African populations observed in this study does neither match clearly with geography nor with linguistic classification, in keeping with the results of Wood et al. (2005) that evidenced a weak correlation of mtDNA variability with either language or geography at the continental level. Our results on mtDNA are also in agreement with the patterns of genetic differentiation observed for the GM immunoglobulin allotypes (Sanchez-Mazas & Poloni, 2008; Sanchez-Mazas et al., in preparation) , although the comparison is restricted by differing samplings of populations available for the two genetic systems, since no Cushitic populations of Kenya or Tanzania, in particular, were represented in the GM dataset. As for mtDNA, the Nyangatom and the Daasanach are also Table S2 and Figure S2 . For the Afro-Asiatic language family, we also considered primary subdivisions represented in the dataset, i.e. Afro-Asiatic > Berber/Semitic (speakers of Berber and/or Semitic languages), Afro-Asiatic > Cushitic (speakers of Cushitic languages), and Afro-Asiatic > Chadic (speakers of Chadic languages). b Kimura-2P was used as a molecular distance, with a gamma correction of 0.4, a transition/transversion ratio of 10/1 and without considering indels. All ST values are given in percent, and were significant (P < 0.001). c MNPD, mean number of pairwise differences between sequences, averaged over group. (Table S2 and Figure S2 ). Thus, the Afro-Asiatic > Semitic group did not include North African and Middle Eastern populations. Also, the divergent Mbenzele and Herero samples were excluded from computations involving the Niger-Congo group. b Kimura-2P was used as a molecular distance, with a gamma correction of 0.4, a transition/transversion ratio of 10/1 and without considering indels. All -statistics are given in percent, and were significant (P < 0.005), unless specified by italics and associated P-value given in brackets.
significantly differentiated from each other for the GM system. Furthermore, the sharp contrast between the LORV populations and the "Northern Ethiopians" is also evidenced by this nuclear system, in that the latter are genetically close to populations speaking Semitic and Berber languages, whereas the Nyangatom and the Daasanach tend to cluster nearer to Sub-Saharan populations affiliated to the Niger-Congo and Nilo-Saharan phyla.
Evidence for Admixture Among East African Populations
The pattern observed in East Africa (with the exception of the Khoisan-related Hadza and Sandawe populations), which combines a high level of within-population diversity with strong genetic structure among populations, suggests the occurrence of periodical episodes of admixture in (Tishkoff et al., 1996) in contrast with Europe (high LD) and Sub-Saharan Africa (low LD, Tishkoff & Kidd, 2004; Conrad et al., 2006) , could be due to such admixture events, more frequently occurring in this region compared to other Sub-Saharan populations. Substantial levels of gene flow among Nilo-Saharan, Afro-Asiatic and Niger-Congo populations from Tanzania have already been inferred by Tishkoff et al. (2007a) and our results suggest that these gene flows could have occurred in a larger region extending up to Southern Ethiopia.
If gene flow was constrained by the distance separating present-day population locations, it would produce a geographically structured pattern of genetic differentiation (e.g. isolation-by-distance, Wright, 1943) . If gene flow was constrained by a cultural barrier such as language, then a linguistically structured pattern of genetic differentiation would be expected. However, as stated above, neither one of these two patterns was found. This suggests that populations have moved in the past, so as to come into contact and experience gene flow (from the linguistic perspective, it is also possible that some populations have experienced language shifts, due to these contacts). Thus it is probable that the current geographic location of several East African populations reflects a rather recent situation.
Indirect evidence supports the hypothesis of extensive mobility and gene flows in East Africa. A shared origin of the Nyangatom with other populations (such as the Toposa, Turkana and Jiye) in the Nilo-Saharan Karimojong group in North Uganda has been postulated on the basis of ethnologic and linguistic evidence. From this earlier group, expansions would have occurred in the early 18 th century, which would have brought pastoral populations into Sudan (Toposa), Kenya (Turkana), West Uganda (Jiye), and into Ethiopia (Nyangatom). Studies of the generational system do support such a recent ethnogenesis of the Nyangatom (Tornay, 2001) . This example of extensive mobility of the pastoral groups in East Africa suggests that migrations might have been a significant factor promoting gene flow among groups.
More direct and independent evidence of gene flows is provided by ethno-linguistic studies of the Daasanach, which have led scholars to consider this population as a "conglomerate of peoples of different tribal affiliations" (Tosco, 2001, p. 10) . Besides the presence, in the Daasanach language, of items considered to be of non-Cushitic origin, several other lines of evidence in the culture of this population have also fuelled this view (Tosco, 2001 and references therein). Among these is the fact that some of the tribal sections that compose the Daasanach society bear names that correspond to other populations (e.g. the Nilo-Saharan Samburu and the Afro-Asiatic Rendille) from which members are supposed to have joined the Daasanach. The hypothesis exists that the Daasanach was a Nilo-Saharan group, sharing a common origin with the Pokot, and would have migrated into its current settlement area as late as during the 19 th century, where it would have shifted to its current language through the absorption of a Cushitic group into the population. The Pokot would have migrated in parallel towards the South, into Kenya and Uganda. Actually, rapid linguistic changes during the last four centuries through migrations and subsequent contacts, involving Nilo-Saharan, Afro-Asiatic and Niger-Congo languages, are documented for other East African populations (Nurse, 2000 ; several contributions in Nurse, 2001) , which points to the fact that such events might have been very common in this area.
The pattern observed for the Nyangatom and the Daasanach thus seems to correspond to a general one in East Africa. The fact that this area harbours predominantly transhumant populations suggest that a high mobility could be the reason for the postulated gene flow between populations and the associated diversity found in these populations. Concomitantly, pastoral populations are assumed to have lower effective sizes than farmers (Cavalli-Sforza, 1996) , which allows for genetic drift, and thus differentiation between populations, to occur. Our results therefore suggest that the history of East African populations is characterised by an alternation of contact events between highly mobile populations leading to gene flow, and periods of isolation favouring genetic drift and differentiation. Besides the Y-chromosome study of Henn et al. (2008) , a high mobility of pastoralist populations could also be illustrated by the recent migration from East Africa towards Central-West Africa of present day Afro-Asiatic Chadic populations that Cerny et al. (2009) postulated on the basis of the distribution of mtDNA L3f haplogroups. Isolation might have been reinforced at times by cultural practices that encourage both strong group cohesion and opposition to other groups (Barth, 1969 (Barth, /1994 , which could also be promoted by competition for access to grazing areas (Tornay, 2001) . This marked group cohesion is thus in sharp contrast with the apparently plastic and transient ethnic composition of East African populations, as further evidenced by the lack of significant genetic differentiation (null CT ) between Cushitic and Nilo-Saharan groups of populations in this region.
Inferences on East Africa History
A probable East African origin of modern humans is currently inferred from a variety of evidence among which are the higher diversity found there compared to other African regions, and the presence of old Y and mtDNA lineages in its populations. Accordingly a geographic pattern of decay has been found in the genetic diversity of autosomal microsatellites from East Africa towards the rest of the world (Prugnolle et al., 2005; Ramachandran et al., 2005) . The high diversity in East Africa was interpreted as a sign of an ancient origin. However, our results might indicate that this high diversity could also come from a particular history of recent migrations and admixture promoted by the pastoralist societies that dominate in the region. The recent spread of a lactase-persistence allele (the C-14010 allele) in East Africa lends support to this hypothesis (Tishkoff et al., 2007b) . According to current knowledge, pastoralism as a food producing way of life is probably not dated much further back than the Holocene, and the complexity of the ethnogenesis process might have been a common phenomenon since then. This is, however, in no way as ancient as the global history of our species, which lasts for at least 150,000 to 190,000 years, as attested from the East African fossil record (Clark et al., 2003; White et al., 2003; McDougall et al., 2005) .
Addendum
While the present work was under review, a genome-wide study on the structure of African populations was published (Tishkoff et al., 2009 ). Similar to our own results, this study concluded that extensive gene flow has occurred among East African populations, particularly so between Nilo-Saharan and Afro-Asiatic Cushitic groups, and this within the last 5,000 years or so. Tishkoff et al. (2009) also refer to linguistic evidence for recent immigration of Nilo-Saharan, Afro-Asiatic and Niger-Congo groups in the area, a process that probably resulted in numerous language shifts among East African ethnic groups.
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